Tetraethylammonium (Et4N+) has been reported to produce marked alterations of neuromuscular transmission (1) in addition to its well-known blockade of the delayed rectifier channels of excitable membranes (2, 3). Recently, it was found that Et4N+, amantadine, and local anesthetics antagonized the binding of [3H]perhydrohistrionicotoxin ([3H]H12-HTX) to the putative cholinergic channel protein in purified membrane fragments and cholate-solubilized preparations from the electric organ of the electric ray, Torpedo (4-6). Agonists such as decamethonium and carbamoylcholine, and antagonists such as d-tubocurarine (up to 100 1.M) and a-bungarotoxin (up to 1000 ALM), were unable to inhibit the binding of [3H]H12-HTX, suggesting that there were sites that bound the histrionicotoxins, local anesthetics, and amantadine that were distinct from the acetylcholine (AcCho) recognition site. Electrophysiological evidence consistent with the notion that the histrionicotoxins and local anesthetics interact with the nicotinic ionic channel comes from studies involving voltage-clamp, AcCho fluctuation analysis, and voltage-jump relaxations. By using these techniques, histrionicotoxin and its derivatives (7, 8) and local anesthetics were shown to alter the voltage dependence of mean channel lifetime and peak endplate conductance (9-11).
the exponential dependence of the EPC decay on membrane potential such that the decays between -150 and -50 mV were abbreviated and voltage independent but remained near control levels at more positive membrane potentials. The minimal effective concentration of Et4N+ for a tering the EPC time course was 10, and maximal effects were attained with 100 AM. Little additional shortening in the EPC decay phase was detected on raising the drug concentration to 1000 MM. Acetylcholine noise analysis revealed a voltage-dependent reduction in the mean channel open time, which was comparable in magnitude to the shortening in the EPC decay, and a depression of single-channel conductance. In concomitant biochemical studies, Et4N+ Tetraethylammonium (Et4N+) has been reported to produce marked alterations of neuromuscular transmission (1) in addition to its well-known blockade of the delayed rectifier channels of excitable membranes (2, 3) . Recently, it was found that Et4N+, amantadine, and local anesthetics antagonized the binding of [3H] perhydrohistrionicotoxin ([3H]H12-HTX) to the putative cholinergic channel protein in purified membrane fragments and cholate-solubilized preparations from the electric organ of the electric ray, Torpedo (4) (5) (6) . Agonists such as decamethonium and carbamoylcholine, and antagonists such as d-tubocurarine (up to 100 1.M) and a-bungarotoxin (up to 1000 ALM), were unable to inhibit the binding of [3H]H12-HTX, suggesting that there were sites that bound the histrionicotoxins, local anesthetics, and amantadine that were distinct from the acetylcholine (AcCho) recognition site. Electrophysiological evidence consistent with the notion that the histrionicotoxins and local anesthetics interact with the nicotinic ionic channel comes from studies involving voltage-clamp, AcCho fluctuation analysis, and voltage-jump relaxations. By using these techniques, histrionicotoxin and its derivatives (7, 8) and local anesthetics were shown to alter the voltage dependence of mean channel lifetime and peak endplate conductance (9) (10) (11) (5) .
Electrophysiological Techniques. All experiments were performed at 21-23°C on the sciatic nerve-sartorius muscle preparations from the frog Rana pipiens. The muscles were bathed in frog Ringer's solution (in mM): NaCl, 115.0; KCl, 2.0; CaCl2, 1.8; Na2HPO4, 1.3; and NaH2PO4, 0.7; pH 7.0-7.1, The voltage clamp circuitry was as described (13, 14) . Two microelectrodes (filled with 3 M KCl; resistances between 2 and 8 MQ) were inserted in the endplate region at an interelectrode distance of 50 Am, to record membrane potential and pass current, respectively. The rise time (10-90%) of the clamp circuit was under 20 Aisec and clamp error was 2-5%.
Nerve-Evoked Endplate Currents, Spontaneous Miniature Endplate Currents, and AcCho Noise Analysis. Nerve-evoked endplate currents (EPCs) were recorded from glycerol-treated (600 mM, 1 hr) muscles at 20 or more membrane potentials. The membrane was initially clamped to the holding potential of -50, -70, or -90 mV, and driven in 10-mV steps to +50 and -150 mV before being returned to the holding potential. To avoid complications from presynaptic sources (1), the nerve- The publication costs of this article were defrayed in part by page charge payment. This article must therefore be hereby marked "advertisement" in accordance with 18 U. S. C. §1734 solely to indicate this fact. muscle preparation was allowed to equilibrate in the Et4N1 solution for at least 60 min, and EPCs were elicited at 3-to 5-sec intervals.
Spontaneous MEPCs were recorded from fibers with intact transverse tubules from -60 to -120 mV. Miniature endplate currents (MEPCs) were "captured" with the aid of a Gould digital storage oscilloscope, filtered with a Krohn-Hite band pass filter (1-2500 Hz) , and stored on a four-channel frequency modulation tape recorder (Tandberg 115). The EPC and MEPC signals were delivered to the analog input of a PDP 11/40 minicomputer for analysis of amplitude, rise time, and time constant of decay (T). Conventional procedures were used for the recording and analysis of EPC fluctuation data (15-17,t).
Binding Studies. Membranes were prepared from the electric organ of T. ocellata (stored at -900C) as described by Eldefrawi et al (5 Mansour, and A. T. Eldefrawi, unpublished data. drug addition, the MEPC amplitude increased in approximate correspondence with increases in the driving force as the membrane potential was raised from -60 to -120 mV. After addition of Et4N+, the MEPC amplitudes became depressed and showed the same nonlinear dependence on membrane potential as the EPC. At -60, -90, and -120 mV, the MEPC amplitudes were depressed to 74, 56, and 39% of control, respectively. The corresponding decreases in the EPC amplitudes at these membrane potentials were to 70,63, and 38% of control, respectively. The close agreement in the relative blockade of EPCs and MEPCs by Et4N+ strongly suggests that presynaptic factors do not appreciably modify the Et4N+-induced depression of peak endplate conductance.
Effect of Et4N+ on the EPC Time Course. At -50 mV, the control EPC rose to peak in 0.73 ± 0.03 msec (mean ± SEM, n = 36) and decayed approximately exponentially with a time constant of decay (TEPC) of 1.08 + 0.03 msec. Et4N+ had no significant effect on the EPC rising phase, or on the exponential nature of the decay phase, but opposed the lengthening of TEPC with hyperpolarized potentials. Fig. 3 shows the relationship between TEPC and membrane potential in control, and in the presence of 25, 100, and 500 MAM Et4N+. The control TEPC varied exponentially with membrane potential, undergoing a 2-fold change for a 100-mV potential change. Addition of 25 ,MM Et4N+, which had little or no effect on peak amplitude, caused a reduction to 28% of control in the slope of the rEPCmembrane potential relationship between -100 and -150 mV, but had negligible effect between -100 and +50 mV (Fig.  3) The numbers in parentheses represent the number of spectra obtained in at least two different preparations. most hyperpolarized potentials. In the example shown in Fig.  4 , TI was reduced to 45%, from 1.93 msec before to 0.87 msec after addition of Et4N+, which was similar to the shortening in TEPC at -105 mV. In addition to the shortening in rI, Et4N+ also reduced single channel conductance. The voltage-dependent alterations of r, and y are summarized in Table 1 In addition to its alterations of endplate conductance, Et4N+ has been shown to have complex presynaptic effects. In the presence of 1000-3000 MAM Et4N+, blockade of the endplate potential was preceded by a large yet transient augmentation of its amplitude, due presumably to a prolongation of the nerve terminal action potential (1). The blockade, on the other hand, was thought to be of postsynaptic origin because Et4N+ also depressed the response to bath-applied AcCho. Superimposed on both responses was an additional component of depression, which could be elicited by repetitive nerve stimulation. The stimulus-evoked component of depression was suggested to result from transmitter depletion. At lower doses (300-700MAM), Et4N+ was found to produce net facilitation in the endplate potential amplitude during the 30-min period of observation.
Although it is unlikely that presynaptic alterations (19, 20) can account for the voltage dependence of Et4N+'s action presently seen (Figs. 1,2) , their presence may complicate interpretation of the phenomena described here. To exclude presynaptic effects of Et4N+, the onset of Et4N+'s action was monitored for longer periods (30-120 min), and a stable level of blockade was reached at all concentrations, requiring 20-S0 min for MEPCs and 60-90 min for EPCs. No residual augmentation of transmitter release was detected after 90 min, as indicated by the finding that both EPC and MEPC amplitudes underwent similar levels of inhibition at comparable Et4N+ concentrations and membrane potentials.
Both electrophysiological and biochemical findings point instead to postsynaptic interactions mediating the Et4N+-induced inhibition of neuromuscular transmission. The voltagedependent effects of Et4N+ on EPC and MEPC amplitudes and EPC decays (Figs. 1-3) , as well as the reduction in singlechannel conductance and lifetime (Fig. 4) (Table 1) . Channel blockade, whether partial or total, would thus result in a lowering of normal population of channels available to carry the synaptic current.
Although binding of Et4N+ to the closed conformation of the endplate channel can account for the depression in peak amplitude of the EPC, it is unlikely that the same process is responsible for the shortening and the altered dependence of T on membrane potential. Of the two generally accepted mechanisms for shortening r, those involving changes in membrane fluidity (23) are precluded by the poor lipid solubility of Et4N+, while changes in T from binding of drug to the open conformation of the endplate channel (24) appear more reasonable. According to the latter proposal, Et4N+ would prevent the normal increase in T with hyperpolarization by occluding the channel after it is opened by AcCho and preventing further translocation of Na+ and K+. This channel blockade is suggested to be enhanced by hyperpolarization and would involve the fraction of channels not previously occupied by Et4N+ at rest. Indications that Et4N+ might interact with the open conformation of the endplate channel come from findings that quaternary ammonium ions smaller than Et4N+ can traverse the channel and produce an agonist-specific conductance increase (25) . In fact, acceleration of the EPC decay phase detected at concentrations of Et4N+ that did not significantly alter peak EPC amplitude indicates that the ionic channel was blocked while in open conformation. Further, the shape of the TEpc-membrane potential relationship (Fig. 3) suggests that this blockade requires a marked negative electric field, because a region of normal voltage dependence (-50 to +50 mV) occurred even in the presence of 1000 ,uM Et4N+.
Recently, we proposed a sequential kinetic model for atropine and scopolamine, whose actions are predominantly on the EPC decay phase and whose nonlinearity in the current-voltage relationship occurs secondarily from the more rapid decay (26) . This model, in its present form, is clearly inappropriate for Et4N+. Preliminary results indicate that in order to simulate the more dramatic curvatures encountered with Et4N+, TEPC would be shortened to well under 1 msec (0.2 msec with 500 ,uM Et4N+ at -105 mV) and the EPC rise times would become markedly voltage sensitive.t Neither of these effects were ever observed in the presence of Et4N+. However, the sequential model with a voltage-dependent binding step prior to receptor activation appears to be the simplest one capable of explaining the actions of Et4N+ on both peak endplate conductance and time course.t
In conclusion, Et4N+ has multiple actions on neuromuscular transmission. In addition to its presynaptic effects, it interacts with both the nicotinic AcCho receptor and its ionic channel. The production of marked curvature in the EPC currentvoltage relationship, the shortening of channel lifetime, the decrease of single channel conductance, and the modification of voltage dependence of the EPC decay are suggested to result from blockade of the endplate channel in both its closed and open conformational states.
